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ABSTRACT: A novel enantioselective Pd-catalyzed inter-
molecular carboetherification of dihydrofurans is reported.
The in situ generation of chiral bis-phosphine mono-oxide
ligands is crucial, and a general catalytic system has been
identified based on this approach. It provides access to a
variety of fused tetrahydrofurobenzofurans in consistently
high yield and enantiomeric excess.

he 2,3,3a,8a-tetrahydrofuro[2,3-b]benzofuran scaffold is
frequently found in biologically active compounds such as
asperversin A or aflatoxin B2, a potent mutagen (Figure 1A). !
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Figure 1. Biologically active tetrahydrofurobenzofurans (A) and
proposed intermolecular carboetherification of dihydrofuran (B).

Nonetheless, direct access to this synthetic motif remains
particularly challenging, and only a handful of enantioselective
approaches have been disclosed.” We envisaged that the effective
development of a Pd-catalyzed enantioselective intermolecular
carboetherification starting from 2,3-dihydrofurans (dhf) and 2-
halophenol derivatives would provide direct access to this pattern
(A on Figure 1B). Despite recent and remarkable advances in the
field, such a process is notably absent from the current portfolio
of carboetherification of alkenes.” Importantly, most reported
examples proceed via intramolecular reactions, and their
enantioselective variants are still scarce." We anticipated that
the successful realization of this goal would require circum-
venting the formation of the competing a-etherification and
Heck products B and C that may form under typically basic cross-
coupling reaction conditions.>

Here, we describe the first examples of enantioselective
intermolecular Pd-catalyzed syn-carboetherifications of olefins
affording fused tetrahydrofurobenzofurans in good yield and

excellent level of enantiomeric excess.
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In our exploratory experiments, we investigated the coupling
between 2,3-dihydrofuran la and 2-bromophenol 2a using
CPhos (L1),a prototypical monodentate biarylphosphine ligand
(Table 1, entry 1).” After a rapid survey of various reaction

Table 1. Reaction Optimization“

Br Pda(dba)s (2.5 mol%) OH
l/ s ngand (5.0 mol%) O (0] \
O O (6]
HO tBuONa (1.5 equiv.)
1a 2a Toluene (0.2 M), 4a 5a
I PCy, I PCy, I PCy, I P(tBu),
Me,N O NMe, O NMe, O iPr O
L1, CPhos L2, DavePhos L3, XPhos L4, JohnPhos

iPr

l P(tBu), P(tBu), l I I PCy,
l NMe, iPr ! l iPrO. OiPr

L5, tBuDavePhos ipr L6, tBuXPhos L7, TrixiePhos L8, RuPhos

P(tBu),

entry ligand t (h) T (°C) yield (%)"°
1 L1 (CPhos) 24 110 56
2 L2 (DavePhos) 24 110 nr
3 L3 (XPhos) 24 110 nr
4 L4 (JohnPhos) 24 110 nr
N L5 (tBuDavePhos) 24 110 45
6 L6 (tBuXPhos) 24 110 68
7 L7 (TrixiePhos) 24 110 36
8 L8 (RuPhos) 24 110 73
9 L8 (RuPhos) 4 S0 traces
10 L8 (RuPhos) 6 110 56°
11 L8 (RuPhos) 4 80 73

“Reaction conditions: 1 (1.0 mmol), 2a (0.2 mmol). *Determined
after purification by column chromatography. “Using 2-chlorophenol.

parameters, we were delighted to find that 3a could be formed
exclusively and isolated in 56% yield after heating at 110 °C a
toluene solution for 24 h using tBuONa (1.5 equiv) and
Pd,(dba); (2.5 mol %). In an attempt to improve reactivity,
additional Buchwald-type phosphine ligands were evaluated
next. Whereas L2 (DavePhos), L3 (XPhos), and L4 (JohnPhos)
did not prove competent for this transformation, the sterically
demanding LS (tBuDavePhos), L6 (tBuXPhos), and L7
(TrixiePhos) all afforded 3a in moderate to acceptable yield
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(45%, 68%, and 36% yields, respectively; Table 1, entries 2—7).
Satisfactorily, with L8 (RuPhos), the yield was improved to 73%.
This performance could be maintained even when the reaction
was performed at lower temperature and in a much reduced time
(80 °C, 4 h; Table 1, entry 11). Of note, products 4a and Sa were
only detected when other bases or ligands were employed.
Higher yields were obtained using a S:1 stoichiometry between
2,3-dhf 1a and 2-bromophenol 2a (see Supporting Information
(SI) for details).

We next turned to the development of an enantioselective
version of this intermolecular carboetherification reaction using
the same model reaction between la and 2a (Table 2).

Table 2. Chiral Ligand Survey”

Br Pdy(dba)s (2.5 mol%) H
/) D Ligand (5.0 mol%) Q_Q
o) + >

HO {BUONa (1.5 equiv.) o
1a 2a Toluene (0.2 M), 110°C, 24 h 3a
02 OO, ™ ™

OMe o} >"-Me

P-N

PCy2 o] >—Me

OO OO Ph Ph Ph
(R)-L9 (SSS) -L10 (SSRS) -L11
64%, 5% ee

0, 5

P(O)Phy
PPh2

(R)-L13, Binap(O) (R)—L14, DTBM-Segphos(O)
15%, 27% ee 8%, 92% ee

P(O)Ar
PAr2

o

(R)-L12, Binap

“Reaction conditions: 1a (1 mmol), 2a (0.2 mmol). Yields of isolated
products after purification. Enantioselectivity determined by HPLC
using a chiral column.

Reasoning that the MOP-type ligands originally designed by
Hayashi may constitute closely related structural analogues of
RuPhos, ligand L9 was evaluated first.® After 24 h at 110 °C, 3a
was isolated in reasonable yield but in almost racemic form (64%
yield, 5% ee). The less basic Binol-based phosphoramidite ligand
(L10) and Taddol-based phosphite ligand (L11), which were
recently found to be suitable ligands in a related intramolecular
carboalkoxylation of alkenes, only generated traces of the
carboetherification product 3a along with minute amount of
5a."¢ Interestingly, whereas Binap (L12) was ineffective in the
carboetherification reaction, its corresponding monoxide Binap-
(O) (L13) delivered 3a in 15% yield and 27% ee. These results
are consistent with the notion that Binap(O) is a hemilabile
ligand that behaves temporarily as a monodentate chiral
phosphine ligand.”~"" With another member of this ligand
class, DTBM-Segphos(O) (L14), 3a was still obtained in modest
yield but in excellent enantiomeric excess (92% ee).'”

To ensure rapid identification of a lead structure, we next
focused on the development of a protocol that would enable in
situ generation of chiral bis-phosphine mono-oxide ligands
(BPMO) starting from their commercially available bisphos-
phine precursors (Table 3). Our approach was inspired by the
seminal contributions of Ozawa and Hayashi who demonstrated
that Binap(O) could be generated in situ under basic conditions
using Pd(OAc), and a controlled amount of added water. " Very
recent reports from Li and Belik and Eastgate and Blackmond are
also in line with this approach."*"
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Table 3. Effect of Added Water and Final Evaluation of Chiral
Ligands®

[Pd] (5.0 mol%) / Ligand (5.0 mol%) H
D H,0 (x mol%) Q_Q
HO {BUONa (1.5 equiv.) B Ok
1a Toluene (0.2 M), 110 °C, 24 h 3a
Ar= tBu Ar= tBu Ar= Bu
e e Q““”” o' @
MeO. PAry
O (S}L15 S-L16 (S)L17 S)-L18
[Pd] H,0 yield ee
entry ligand (S mol %) (5 mol %) (mol %) (%)° (%)%
1 DTBM-Segphos  Pd2(dba)3 - nr nd
2 L4 Pd2(dba)3 - 8 92
3 DTBM-Segphos Pd(OAc)2 - 16 90
4 DTBM-Segphos Pd(OAc)2 20 31 83
S DTBM-Segphos Pd(OAc)2 40 40 85
6  DTBM-Segphos Pd(OAc)2 60 3 81
7 LIS Pd(OAc)2 40 76 90
8 LI6 Pd(OAc)2 40 66 90
9 L17 Pd(OAc)2 40 31 65
10 L18 Pd(OAc)2 40 74 92

“Reaction conditions: 1a (1 mmol), 2a (0.2 mmol). *Concentration in
Pd. “After purification by chromatography. ¥Determined by HPLC
using a chiral column.

The model reaction between 1a and 2a was therefore carried
out using the bisphosphine ligand DTBM-Segphos (S mol %),
Pd(OAC)2 (5 mol %), and variable amounts of water (0—60 mol
%). Although reactivity was observed in the absence of water, the
optimal result was obtained when 40 mol % of water was added
to the mixture (entry 3—6). The yield in carboetherification
product 3a was significantly improved, while the erosion in
enantioselectivity remained acceptable. Subsequently, a range of
commercially available bisphophines was evaluated (see SI for
details). From this screening, it clearly appeared that ligands of
the Biphep family (L15—18) with sterically demanding and
electron-rich aryl substituents were particularly well-suited
candidates (Table 3, entries 7—10)."> Gratifyingly, with L18
the carboetherification product 3a was isolated in 74% yield and
92% ee.

The scope of the reaction was delineated with L18 using the
protocol for in situ mono-oxidation of the ligand (Table 4).
Overall, both electron-rich and electron-deficient 2-bromophe-
nols participated efficiently in the syn-carboetherification of 2,3-
dihydrofuran 1a, delivering the product in consistently good
yield and high levels of enantioselectivity (10 examples: 3a—e,g—
k 53—91% yield; 85—97% ee). Interestingly, an electron-
withdrawing or an electron-donating group can be placed
indifferently in para position with respect to the bromine atom or
the —OH functionality without noticeable effect on the reaction
outcome. However, when 2-bromo-3-methoxyphenol 2f was
employed, both the reactivity and the enantioselectivity were
affected significantly (3f: 42% yield, 57% ee).

Substituted dihydrofurans are notoriously more difficult to
engage in cross coupling reactions than their unsubstituted
counterparts.'® Therefore, the influence of substitution on
various positions of the dihydrofuran ring was investigated next
(Figure 2). When S-methyl-2,3-dihydrofuran 1b was subjected to
the optimized reaction conditions, increasing the catalyst loading
to 10 mol % was required to maintain a reasonable level of
reactivity. The corresponding fused tetrahydrofurobenzofurans
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Table 4. Scope of the Enantioselective Intermolecular
Carboetherification of 2,3-Dihydrofuran”

R! , Pd(OAGC), (5.0 mol%) e R 9y
Br. R (S)-L18 (5.0 mol%)
Uy + H,0 (40 mol%) R3 d
(¢} HO R3
R4 {BuONa (1.5 equiv.) R P H
1a 2ak Toluene (0.2 M), 110 °C, 24 h sak
H MeO, H Me, H H
H H H MeO H
3a 3b 3c 3d
74%, 92% ee 73%, 94% ee 68%, 93% ee 89%, 88% ee
OMe E
H H H H
’s)
MeO/@;Q A ME/Q;Q Hd
H H H F H
3e 3f 39 (3S,8R)-3h

53%, 90% ee 42%, 57% ee 57%, 97% ee 91%, 94% ee

3i 3j 3k
58%, 88% ee 60%, 88% ee 71%, 85% ee
“Reaction conditions: 1a (1 mmol), 2a—k (0.2 mmol). Yields of
isolated products after purification. Enantioselectivity determined by
HPLC or GC using a chiral column. Absolute configuration of all
products is as shown and was assigned by analogy with the X-ray
crystallography analysis of (35,8R)-3h.'°

A) Pd(OAC); (10 mol%) H
Br (S)-L18 (10 mol%)
/ + H,0 (40 mol%) R
M o}
" 0o HO R [¢]

Toluene (0.2 M), Me

1b 2a:R=H tBuONa (1.5 equiv.)  3I: 64%, 91% ee (R =H)
2g:R=Me 110°C, 24 h 3m: 65%, 90% ee (R =Me)
B) Pd(OAc); (5.0 mol%) H
/ Br- (S)-L18 (5.0 mol%) wAr
H,0 (40 mol%
Q"’"Ar + HO — T . ¢ %) o O
Toluene (0.2 M), H
rac-1c 2a tBu?:ﬂoaog .Szzc:]uw.) 3n
(5 equiv.) ' 67%, 49:1 dr, 91% ee
Ar = 4-Me-CgH4
< Ve Pd(OAG); (5.0 mol%) Me
s Br (S)-L18 (5.0 mol%) H A
&A + D H,0 (40 mol%) J
r —_—
© HO Toluene (0.2 M), o4
trans rac-1d 2a tBu?:ﬂan((; '52211””') o
(5 equiv) : 53%, 10:1 dr, 96% ee
Ar =4-Me-CgH4

Figure 2. Variation of the dihydrofuran structure. Reaction conditions:
1b—d (1 mmol), 2a, or 2g (0.2 mmol). Yields of isolated product.
Enantioselectivity determined by HPLC or GC using a chiral column.
Diastereomeric ratio measured by '"H NMR of the crude reaction
mixture. (A) Using S-methyl-2,3-dihydrofuran 1b. (B) Using rac-2-(p-
tolyl)-2,3-dihydrofuran 1c. Recovered 1c: 37% yield, 12% ee, yield based
on rac-1c. C) Using rac-trans-3-methyl-2-(p-tolyl)-2,3-dihydrofuran 1d.
Recovered 1d: 64% yield, 8% ee, yield based on rac-1d."”

3l-m with a fully substituted congested acetal carbon stereo-
center were isolated in good yields and excellent levels of
enantioselectivity (Figure 2A). Interestingly, 2-(p-tolyl)-2,3-
dihydrofuran 1c—obtained from an independent Heck cross-
coupling reaction”'’—also proved a competent partner
delivering 3n as a single diastereoisomer in 67% yield and 91%
ee (Figure 2B). More remarkably, trans-3-methyl-2-(p-tolyl)-2,3-

dihydrofuran 1d'**° afforded the corresponding carboether-
ification product 3o with four contiguous stereocenters in 53%
yield, 10:1 dr, and 96% ee (Figure 2C). Of note, an optically
active tetrahydrofurobenzofurans with such a level of stereo-
chemical complexity would certainly be difficult to prepare by
conventional methods.”!

In conclusion, we have developed a very general and
unprecedented enantioselective Pd-catalyzed intermolecular
syn-carboetherification of dihydrofurans using in situ generated
chiral bis-phosphine mono-oxide ligands. The method gives
readily access to synthetically relevant and stereochemically
complex fused tetrahydrofurobenzofurans in high yield,
diastereoselectivity, and enantioselectivity. Further mechanistic
studies into the origin of the reactivity and selectivity of this
catalytic system are ongoing in our laboratories.
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